Abstract. A set of month-long sea level and current measurements is used to examine the subtidal variability in the Delaware estuary and assess the relative importance of remote and local wind effects on the observed subtidal variability. The evidence indicates that the remote wind effect, through the impingement of coastal sea level at the mouth of the estuary, is more importam than the local wind effect in producing the subtidal sea level fluctuations in the interior of the estuary. On the other hand, the local wind effect dominates over the remote wind effect in producing the observed subtidal current fluctuations at the mooring site. It appears that the remote wind effect is important to the sectionally averaged subtidal transport into or out of the estuary. However, the local wind effect may be more important than the remote wind effect in producing the subtidal currents at any given point along the estuary's cross section. The spatial structure associated with the local wind-induced circulation is very important to the long term transport and distribution of waterborne material.
Introduction
Estuaries respond to a variety of forcing mechanisms over a wide range of timescales. Even though the short-period semidiurnal or diurnal tidal motions are often the most energetic mechanisms operating in the estuaries, the long-period subtidal motions are extremely important because they ultimately control the long-term transport and distribution of suspended and dissolved matters in the estuaries. Among aspects of the subtidal motion, the density-induced gravitational circulation was the first to attract extensive research [e.g., Pritchard, 1952 Pritchard, , 1956 Hansen and Rattray, 1965] .
The significance of atmospheric forcing on the subtidal variability in estuaries was recognized some two decades ago when a series of studies conducted by different investigators in several estuaries showed the importance of wind-induced motion to esmarine processes at subtidal frequencies. Weisberg and Sturges [1976] and Weisberg [1976] found the subtidal circulation in the Providence River and the west passage of Narragansett Bay to be dominated by wind-induced fluctuations. In a number of studies related to the Chesapeake Bay and some of its tributary estuaries, Wang and Elliott [1978] and Wang [1979a, b] showed that the dominant subtidal sea level fluctuations in the Chesapeake Bay are the result of upbay propagation of coastal sea level fluctuations generated by alongshore winds. They also found the existence of largely barotropic volume exchange in the lower bay as part of the response of the coupled bay-shelf system to atmospheric forcing. The importance of atmospheric forcing on lowfrequency estuarine variability has also been demonstrated by Smith [1977 Smith [ , 1978 in Corpus Christi Bay, Texas, and Kjerfve et al. [ 1978] in North Inlet, South Carolina.
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In addition to these earlier works, many studies were conducted in the past two decades to examine the nature and characteristics of the wind-induced subtidal variability in a variety of estuaries, ranging from partially mixed estuaries such as the San Francisco Bay [Walters, 1982; Walters and Gartner, 1985] and the Delaware Bay [Wong and Garvine, 1984] Results from the above mentioned studies reveal that the subtidal variability in estuaries may be induced by winds through a combination of remote and local effects. For the remote effect, winds on the continental shelf adjacent to a particular estuary may produce coastal sea level set up or set down at the mouth of the estuary. Furthermore, the effect of remote wind on the continental shelf far away from the estuary in question may produce coastal disturbances which propagate into the coastal areas adjacent to the estuary in the form of free waves [Noble and Butman, 1979; Wang, 1979c; Ou et al., 1981] . Regardless of the reason for the production of the coastal set up/set down, the remote atmospheric effect can produce subtidal variability in the estuary by the impingement of the coastal sea level fluctuations at the mouth of the estuary. On the other hand, the local atmospheric effect is more straightforward, as it represents the effect of local wind stress acting on the surface of the estuary.
The question of whether the remote or the local atmospheric effect should be the dominant mechanism responsible for producing the subtidal variability in estuaries is a problem of long standing. Many studies appear to suggest that the answer may be different depending on the particular estuaries involved. However, Garvine [1985] has used an analytical model to show by scaling arguments that the shormess of most estuaries relative to the subtidal estuarine wavelengths should result in the dominance of the remote effect for both sea level and sectionally averaged current fluctuations in the estuaries. Does this mean that the remote effect is the dominant factor for determining the subtidal fluctuations in the transport and distribution of suspended or dissolved matters in the estuaries? The present study seeks to address this issue by examining a set of month-long current and sea level data in the Delaware Bay. The objective is to show that the remote and local wind effects may be important to different aspects of the subtidal variability in a given estuary. The remote effect may be more important to the sectionally averaged bulk exchange in an estuary, but the local effect may be more important to the transport and distribution of waterborne material and properties in the same system, as the subtidal currents at any particular point in the estuary may be more strongly influenced by the local wind The Delaware River, gauged at Trenton, New Jersey, contributes about 60 % of the total freshwater discharge into the estuary. The Schuylkill River, entering through Philadelphia, Pennsylvania, contributes another 15 %. No other single source is responsible for more than 1% of the total discharge [Sharp, 1983] . Most of the freshwater thus enters the estuary north of the C&D Canal. The discharge pattern of the Delaware River is seasonal. The average discharge at Trenton for July-October is 195 m3/s, that for November-February is 334 m3/s, and that for March-June is 510 m3/s [Smullen et al., 1983] . The large ratio between the semidiurnal tidal volume flux, estimated to be 1.47 x 105 m3/s [Manchow et al., 1992] , and the freshwater discharge accounts for the weakly stratified system. A set of month-long current and sea level data is available during the period of early April to early May, 1984. Two current meters were deployed on a single mooring by the National Ocean Service (NOS) at the widest part of the lower bay (Figure 1) . The mooring was deployed in the channel with a water depth of 12 m. Two current meters, one at 4 m from the surface and the other at 9 m from the surface, were mounted on a single mooring line to measure near-surface and near-bottom currents. Furthermore, salinity time series are available based on the temperature and conductivity measure- Since the purpose of the present study is to study the subtidal variability, all the time series data, with the exception of the river discharge, are passed through a Lanczos filter [Bloomfield, 1976] with a cutoff period of 36 hours to remove variability at tidal or higher frequencies. 
Remote Versus Local Wind Effects
To study the relative importance of the remote and local atmospheric effects on the subtidal variability in estuaries, it is instructive to examine the response of a hypothetical estuary to these mechanisms. For simplicity, the estuary is assumed to be an elongated embayment ( Henlopen slowly declines over the next 10 days but then increases again on day 106. After that the sea level difference goes into another long and slow decline until it increases once again on day 123. It is apparent that these three events, with peaks on days 95, 106, and 123, are closely associated with three major discharge events occurring on those dates. In the first event on day 95 the river discharge is almost 3000 m•/s, about 6 times the average discharge for the month of April.
The other two events, while less dramatic, are still higher than 1000 m•/s. The Delaware estuary is very narrow near the head of the system at Trenton. It is apparent that the dramatic increase in the sea surface height after the major discharge events is a barotropic response of the estuary to the influx of fiver water. This large barotropic response is a very localized phenomenon. As one moves farther downstream, the sea level response diminishes because the estuary widens exponentially. By the time Reedy Point is reached the fiver discharge no longer has a major impact on the sea level in the bay.
The lower panels of Figure 4 show the partial coherence squared and phase between the remote effect and sea level and 
Here B is the breadth and Ho/2 is the mean depth of the estuary's cross section. In this case the current has a structure in both the lateral (y) and vertical (z) dimensions. It can be shown that downwind currents exist throughout the water column in the shallow areas along the shores, where the water depth is smaller than the mean depth Ha/2. In areas where the water depth is greater than Ha/2 a lower layer begins to emerge, with current flowing against the wind. At the center of the channel (y=0), where maximum water depth occurs, the current is flowing with the local set up and against the wind over much of the water column except for a very thin layer near the surface. Since the mooring is located in a channel, it is possible that the situation is closer to what is described in equation (17) It appears that one has to carefully define the criteria for assessing the relative importance of the remote and local atmospheric effects on the subtidal variability in estuaries. If one is only concerned about the sectionally averaged exchange of water or sea level variability, then the remote effect may indeed dominate over the local effect, as suggested by previous modeling efforts. However, if one is concerned about the transport and distribution of waterborne material at subtidal frequencies, then one has to consider the spatial structure of the subtidal currents. In this case, current at any given location in an estuary may be dominated by the local effect. The fact that the sectionally averaged exchange of water is small does not diminish in any way the importance of local wind-induced currents on the redistribution of physical properties such as salinity and pollutant.
Since the focus of this study is on the subtidal variability, virtually no attention has been given to the mean properties. However, it is interesting to note that the mean near-bottom current at the mooring site is 5.9 cm/s and that of the nearsurface current is 1.4 cm/s. The mean flows at both depths are thus directed in the upbay direction. Given the fact that the mean current is most likely produced by the density-induced gravitational circulation, it follows that the outflow associated with the gravitational circulation must occur elsewhere along the es mary's cross section. It may occur in a thin layer on top of the near-surface current meter or along the shallow areas flanking the channel. As a matter of fact, the analytical model of Wong [1994] shows that two separate branches of outflow are found in the shallow areas along the shores and the inflow is largely concentrated over the deep channel. Furthermore, the gravitationally induced current may be dominated by a lateral structure such that flow reversal with depth does not occur over much of the cross section. The observed mean flow pattern over the channel is consistent with that finding.
